Background. In cystic fibrosis (CF) patients, chronic lung infection and inflammation due to Pseudomonas aeruginosa contribute to the decline of lung function. The increased prevalence of multidrug resistance among bacteria and the adverse effects of antiinflammatory agents highlight the need for alternative therapeutic approaches that should be tested in a relevant animal model.
Lung disease in cystic fibrosis (CF) is characterized by exaggerated neutrophil recruitment and by chronic infection, most notably by Pseudomonas aeruginosa, that leads to lung damage, worsening of lung function, and premature death [1, 2] . Compared with normal individuals, airways fluids of patients with CF show an increased number of neutrophils and increased levels of proinflammatory cytokines, including tumor necrosis factor α, interleukin 6, interleukin 8, and leukotriene B4, but decreased levels of the antiinflammatory cytokine interleukin 10 [3, 4] . Early infection of the lungs with P. aeruginosa is transient, but once it is established, most patients become chronically colonized with multidrug-resistant bacteria that are difficult to eradicate. Treatment of CF-associated lung disease with prolonged and intensive antibiotic therapy and antiinflammatory drugs has been successful in increasing survival and improving the quality of life of CF patients, but the disease remains lethal by early adulthood. Concerns about potential adverse effects have limited the use of antiinflammatory therapies in CF [5, 6] , and an increase in bacterial antibiotic resistance has led to an urgent need for new therapeutic strategies for managing CF patients.
Molecules that target the pathogen directly or that selectively enhance and/or alter host defense mechanisms are attractive candidates for therapeutic development [7] . The long pentraxin PTX3 is a soluble pattern-recognition receptor involved in pathogen recognition and resistance facilitating phagocytosis, activating the complement pathway, and orienting the adaptive immune response [8, 9] . PTX3 is produced and released by a variety of cell types and also has a regulatory role in inflammation by modulating leukocyte recruitment [10] . PTX3 deficiency has been correlated with increased susceptibility to P. aeruginosa lung infection [11] , and PTX3 genetic variations have been shown to affect the risk of P. aeruginosa airway colonization in CF patients [12] . Moreover, recombinant PTX3 promoted reduction of the bacterial load and limited the inflammatory response in C57Bl/6 mice that developed P. aeruginosa chronic lung infection [13] . These encouraging results for PTX3 support further development in translational application.
Preclinical evaluation of novel therapies ideally should be performed in models that most closely mimic the course of human disease. Although mouse models for CF have been provided, they do not completely mimic the pathology seen in CF lung disease [14] . In addition to concerns regarding murine lung physiology, long-term chronic P. aeruginosa infection is difficult to establish in CF mice [15] . The animal models commonly used to evaluate antiinflammatory and antibiotic candidates relevant for CF patients included in vivo acute and chronic infections established using agar beads. These models were short-term studies lacking the chronic stage of bronchopulmonary infection and may not represent the clinical status of CF patients. When the animal model diverges substantially from the human condition, considerable uncertainty remains regarding the likelihood of therapeutic success.
In previous studies, we mimicked progressive bronchopulmonary infection in C57Bl/6 mice by exposure of airways to multidrug-resistant P. aeruginosa clinical strains obtained from patients with CF [15] . We embedded P. aeruginosa into agar beads to simulate chronic infection. In this study, we characterized the long-term response of gut-corrected CF mice to a multidrug-resistant P. aeruginosa clinical strain and used this model to test the efficacy of recombinant human PTX3 in preventing/eradicating lung colonization and inflammation.
METHODS

Bacterial Strains
The clinical P. aeruginosa strain RP73, isolated at the late stage of chronic infection from sputum of a CF patient [16] , was used. The strain was cultured in trypticase soy broth and plated on Pseudomonas isolation agar or trypticase soy agar plates at 37°C.
Recombinant PTX3
Recombinant human PTX3 was purified from CHO cells constitutively expressing the proteins, as described elsewhere [17, 18] . The purity of recombinant proteins was assessed by sodium dodecyl sulfate polyacrylamide gel electrophoresis, followed by silver staining. Recombinant PTX3 contained 0.125 endotoxin units/mL, as checked by the Limulus amebocyte lysate assay.
Phagocytosis Assay in Whole Blood and Killing Assay
The phagocytosis assay was performed as described previously [13] and detailed in the Supplementary Materials. The killing assay was performed as detailed in the Supplementary Materials.
Mouse Model of Chronic Lung Infection
Male and female congenic gut-corrected CFTR-deficient mice B6.129P2-Cftr tm1UNC TgN(FABPCFTR) and heterozygotes, aged 8-12 weeks, were obtained from Case Western Reserve University [19] . Mice were infected with 2 × 10 6 colonyforming units (CFU) of the RP73 P. aeruginosa strain, embedded in agar beads, as previously described [15, 20] . After injection, mice were treated once per day for 12 days with recombinant PTX3 (10 μg/mouse intraperitoneally) or with sterile saline and were monitored daily for body weight. Twelve days after infection, lung CFU, bronchoalveolar lavage (BAL) fluid cell count, protein content, and myeoloperoxidase (MPO) activity were analyzed as previously described [13] . Murine cytokines and chemokines were measured using Luminex-based technology according to the manufacturer's instructions. Additional details are reported in the Supplementary Materials. Animal studies were conducted according to protocols approved by the San Raffaele Scientific Institute and Istituto Clinico Humanitas (Milan, Italy) and the Case Western Reserve University Institutional Animal Care and Use Committee (Cleveland, OH).
Histopathologic and Immunofluorescence Analysis
After 12 days of infection, lungs were removed en bloc, fixed in 4% paraformaldehyde-phosphate-buffered saline, and processed for paraffin embedding. Longitudinal sections of 5 μm taken at regular intervals were obtained using a microtome from the proximal, medial, and distal lung regions and stained with hematoxylin and eosin and Alcian blue/periodic acidSchiff (AB/PAS) for detection of mucopolysaccharides, according to standard procedures. To grade lung involvement, inflammation and mucous secretory cell metaplasia were evaluated as described in the Supplementary Materials. Localization of P. aeruginosa was performed by indirect immunofluorescence, using a rabbit antiserum specific for P. aeruginosa [21] and Texas red-labeled goat anti-rabbit immunoglobulin G (IgG).
Sputum Samples
Sputum samples were collected by spontaneous expectoration from 10 CF and 5 non-CF patients attending the CF Center at Azienda Ospedaliera. Research on the biologic samples has been approved by the ethics committee of the CF Center at Azienda Ospedaliera of Verona. Samples were processed as described in the Supplementary Materials. Immunofluorescence was performed using rabbit anti-human PTX3 and Texas redlabeled goat anti-rabbit IgG.
Statistical Analysis
Because of the small sample size and the nonnormal distribution of variables, we used a nonparametric approach for all analyses in this article. Data are presented as medians and interquartile ranges. The Mann-Whitney U test was used to compare changes in body weight, CFU, cells, MPO activity, total protein levels, cytokine levels, and histologic measurements between CF, CF-PTX3, and non-CF groups. Tests are considered statistically significant when the significance level is ≤.05. TgN(FABPCFTR) mice (the CF group) and congenic heterozygous mice (the non-CF group) were challenged with 2 × 10 6 CFU of the multidrug-resistant P. aeruginosa RP73 clinical strain embedded in agar beads by intratracheal inoculation. Next, starting from the day of infection, one group of CF mice (the CF-PTX3 group) was treated daily with 10 μg/mouse of recombinant PTX3, which shares 92% identity with murine ptx3 [8] and has been shown to be active in murine models of infections [13, 11, 22, 23] . Mortality was low and occurred within the first 3 days of infection, when the P. aeruginosa load reaches its peak (Supplementary Table 1 ). All remaining Pseudomonas-infected mice survived for 12 days after inoculation. The effect of P. aeruginosa infection on CF and non-CF mice and the effect of PTX3 treatment on cumulative weight gain over the 12-day treatment period is shown in Figure 1A . There was no difference between non-CF, CF, and CF-PTX3 mice during the first 2 days after infection, when the major initial decrease in body weight was observed. Thereafter, non-CF and CF-PTX3 mice gained weight better than CF mice. Furthermore, non-CF and CF-PTX3 mice regained the initial weight loss, while CF mice still had not recovered completely. The P. aeruginosa load in lungs of CF and non-CF mice and the effect of PTX3 treatment is shown in Figure 1B . After an initial inoculum of 2 × 10 6 CFU/mouse, at the end of the 12-day period all mice had lung colonization by P. aeruginosa RP73, demonstrating the persistence of chronic infection (Supplementary Table 1 ). No significant difference was observed in CFU per lung recovered after 12 days of infection between CF and non-CF mice, revealing the capacity of P. aeruginosa RP73 to persist within murine lung regardless of the CF genetic background (Supplementary Table 1) . A significant reduction in CFU was observed in lungs of CF-PTX3 mice, Figure 1 . Cumulative weight gain and Pseudomonas aeruginosa load in mice with cystic fibrosis that received placebo (CF mice), mice without cystic fibrosis that received placebo (non-CF mice), and mice with cystic fibrosis that received PTX3 (CF-PTX3 mice). A, Median daily weight gain over the 12-day period in which vehicle or PTX3 was administered. CF-PTX3 mice gained more weight than CF mice and, like non-CF mice, regained the initial weight lost. Data are pooled from 2 independent experiments (non-CF, n = 17; CF, n = 18; and CF-PTX3, n = 19). B, Total lung colony-forming units (CFU) were counted after 12 days in CF, non-CF, and CF-PTX3 mice. Dots represent CFU per lung in individual mice, and horizontal lines represent median values reported in log scale (non-CF, n = 13; CF, n = 12; CF-PTX3, n = 14). Data are pooled from 2 independent experiments. *P < .05 and **P < .01, by the Mann-Whitney U test.
RESULTS
Survival
compared with lungs of CF mice (P = .027) and non-CF mice (P = .013). This suggests that PTX3 improved airway clearance of P. aeruginosa to a level even below that observed in non-CF mice.
Exaggerated Inflammatory Response to Chronic P. aeruginosa Infection Among CFTR-Deficient Mice Is Attenuated by PTX3 Treatment
The inflammatory response of Pseudomonas-infected mice in terms of leukocyte recruitment in the airways, vascular permeability, and local cytokine production was investigated. After 12 days of infection, we observed an exaggerated inflammatory response in CF mice as compared to non-CF mice ( Figure 2 and Supplementary Table 1) , although the same P. aeruginosa load was found in CF mice and non-CF mice ( Figure 1B) . Indeed, our results showed that BAL fluid from CF mice had significantly more leukocytes than BAL fluid from non-CF mice (P = .021) (Figure 2A ). In particular, we observed a significant increase in neutrophil levels for CF mice, compared with non-CF mice (P = .014), but monocyte levels and lymphocyte levels were not modified. After treatment with PTX3, the percentage of neutrophils was significantly reduced (P = .016) and monocyte levels were increased in CF-PTX3 mice as compared to CF mice (P = .016) ( Figure 2B ). The MPO activity in the BAL fluid of CF mice was higher than that in the BAL fluid of non-CF mice, but the difference was not statistically significant (P = .054); no difference was observed between CF-PTX3 and CF mice (Supplementary Table 1 ). In addition, we detected a significant difference in total protein content between CF and non-CF mice (P = .006) and a 1.9-fold reduction of total protein content in CF-PTX3 mice as compared to CF mice.
Cytokine and Chemokine Profiles in the Airways of P. aeruginosa-Infected CFTR-Deficient Mice and Modulation by PTX3 Treatment
To better characterize the airway inflammatory response after 12 days of infection in CF mice in this model and to define the effect of PTX3 treatment, we measured the concentration of a panel of cytokines and chemokines in murine lung homogenates (Table 1) . Results show that the levels of proinflammatory cytokines (interleukin 1β [IL-1β] and interleukin 17 ) and chemokines (CCL2/MCP-1, CXCL1/KC, and CXCL2/MIP-2) in lung homogenates of CF mice were significantly higher than those in non-CF mice (IL-1β, P = .014; IL-17, P = .012; CCL2/MCP-1, P = .014; KC, P = .012; and CXCL2/MIP-2, P = .021). Treatment with PTX3 significantly reduced IL-17 and CCL2/MCP-1 levels in the lungs of CF mice (IL-17, P = .025; and CCL2/MCP-1, P = .021). Levels of other cytokines, including IL-1β and CCL2/MCP-1, were reduced by at least 2-fold, but differences did not reach statistical significance. IL-6 levels did not differ among the 3 groups at this time point. In contrast, levels of the antiinflammatory cytokine TGFβ-1 did not change in non-CF, CF, or CF-PTX3 mice.
Histopathologic Lesions in the Airways of P. aeruginosaInfected CFTR-Deficient Mice and Effect of PTX3 Treatment
The histopathologic analysis of P. aeruginosa RP73-induced chronic pneumonia indicates that in this model the lung was not totally compromised: the infection was plurifocal and generally involved ≥1 lung lobes, but the other lobes were unaffected or marginally involved. Lung histopathologic analysis showed inflammatory lesions in bronchi and pulmonary parenchyma. The bronchi were filled and surrounded by a massive number of inflammation-associated neutrophils, whereas the parenchyma was infiltrated by macrophages, lymphocytes, and some neutrophils ( Figure 3A-C) . In the same cases, agar beads were observed in bronchial lumina ( Figure 3D-F) . Moreover, mucous secretory cell hyperplasia was found ( Figure 3G-I) . Histologic examination revealed that lesions in CF mice ( Figure 3B , 3E, and 3H) were more severe than those in non-CF mice ( Figure 3A, 3D, and 3G) . Figure 2 . Lung inflammatory response after chronic Pseudomonas aeruginosa infection in mice with cystic fibrosis that received placebo (CF mice), mice without cystic fibrosis that received placebo (non-CF mice), and mice with cystic fibrosis that received PTX3 (CF-PTX3 mice). The number (A) and percentage (B) of total leukocytes and of neutrophils, monocytes, and lymphocytes recruited in the airways were determined in bronchoalveolar lavage (BAL) fluid from mice after 12 days of chronic P. aeruginosa lung infection. Dots represent measurements for individual mice, and horizontal lines represent median values. Data are pooled from 2 independent experiments (non-CF, n = 13; CF, n = 12; CF-PTX3, n = 14). P < .05 and **P < .01, by the Mann-Whitney U test.
Treatment with PTX3 reduced the lesions in CF mice ( Figure 3C , 3F, and 3I). As described in Supplementary Table 2 , we quantified the percentage of parenchyma involved and infected bronchi, the severity of inflammation, and the severity of mucous hyperplasia. In particular, the numbers of mucous secretory cells were significantly higher in CF mice, compared with CF-PTX3 mice (P = .020). No significant differences were found in the scoring of inflammation and the percentage of parenchyma involved. Immunofluorescence revealed fewer and smaller agar beads with a reduced bacterial load per cell in CF-PTX3 mice ( Figure 3L ), compared with CF and non-CF mice ( Figure 3K and 3J) , supporting the quantitative data reported above ( Figure 1B ).
PTX3 Facilitates Phagocytosis and Killing of P. aeruginosa in CFTR-Deficient Neutrophils
Next, we addressed the prophagocytic activity of CF neutrophils in comparison to non-CF neutrophils toward P. aeruginosa and the effect of PTX3 treatment [13] . As shown in Figure 4A and Supplementary Table 3, in a phagocytosis assay performed with CFSE-labeled P. aeruginosa RP73 and whole blood, we first observed that phagocytosis was comparable between CF and non-CF neutrophils. Moreover, preopsonization of bacteria with recombinant PTX3 significantly increased internalization by CF neutrophils (P = 0.043).
Next, we examined whether the prophagocytic effect of the recombinant PTX3 in neutrophils was also correlated with an increased killing activity. As shown in Figure 4B and Supplementary Table 3 , killing activity did not reach significance between CF and non-CF murine neutrophils, although a 2.8-fold difference was detected, indicating a potential biologic difference. Bacterial preopsonization with recombinant PTX3 resulted in a significant decrease in the number of surviving bacteria in CF neutrophils (P = 0.016).
Localization of PTX3 in Sputum Specimens From CF Patients
To explore the relevance of PTX3 in CF patients, we used immunofluorescence with anti-PTX3 antibody to localize PTX3 in patients' sputum specimens, which contain cells of the immune system, bacteria, and squamous epithelial cells. Microscopic analysis revealed that PTX3 was located intracellularly in cells of the immune system ( Figure 5A ), mainly neutrophils, or was associated to DNA filaments, possibly neutrophil extracellular traps ( Figure 5B ), and bound to P. aeruginosa macrocolonies ( Figure 5C ). In particular, we observed P. aeruginosa macrocolonies surrounded by PTX3. Staining of sputum specimens from uninfected patients with or without CF showed similar localization of PTX3 (data not shown).
These results of PTX3 localization associated with P. aeruginosa macrocolonies in sputum specimens suggest its involvement in the immune response and support the evidence that PTX3 genetic variations affect the risk of P. aeruginosa airway colonization in CF patients.
DISCUSSION
The goal of this preclinical study was to test the response of CF mice to long-term severe P. aeruginosa airway infection and to use this model to test the efficacy of PTX3 treatment. To mimic the progressive bronchopulmonary infection typical of CF patients, we challenged gut-corrected CF mice (Cftr tm1UNC TgN [FABPCFTR] ) and their congenic heterozygote mice with a RP73 P. aeruginosa clinical strain isolated after years of colonization from a CF patient and embedded in agar beads [15] . We report, for the first time, the response to long-term severe P. aeruginosa lung infection among CF mice, compared with the response among non-CF mice. Daily measurement of the weight gain was included as index of overall well-being. We observed that, after P. aeruginosa infection, non-CF mice gained weight better than CF mice.
Our results showed that CF mice experienced higher inflammatory mediator and neutrophil levels, compared with their congenic heterozygous mice, at 12 days after chronic lung infections. The concentration of inflammatory mediators, including IL-1ß, IL-17, CCL-2/MCP1, CXCL1/KC, and CXCL2/MIP-2, in CF mice was significantly increased, compared with concentrations in non-CF mice. According to these data, in CF mice as compared to non-CF mice, we observed an increased neutrophil recruitment; increased MPO Figure 3 . Histologic lesions after chronic Pseudomonas aeruginosa infection in mice with cystic fibrosis that received placebo (CF mice), mice without cystic fibrosis that received placebo (non-CF mice), and mice with cystic fibrosis that received PTX3 (CF-PTX3 mice). Four mice per group were used for histopathologic examination. The lungs of non-CF mice (A, D, G, and J ), CF mice (B, E, H, and K ), and CF-PTX3 mice (C, F, I, and L) were stained with hematoxylin and eosin (A-F ); with Alcian blue/periodic acid-Schiff, for detection of mucopolysaccharides according to standard procedures (G-I ); or with specific antibody against P. aeruginosa, for immunofluorescence (red; J-L; counterstaining was performed with DAPI). CF mice were characterized by massive bronchiolitis (Br) and a huge amount of interstitial/alveolar inflammation; non-CF mice and CF-PTX3 mice had focal inflammation involving the interstitium and alveoli (**), with most of the alveolar spaces spared (*). D-F, Fewer and smaller agar beads (B) were observed in CF-PTX3 mice, compared with CF and non-CF mice. G-I, Representative results of Alcian blue staining, showing that the percentage of mucous secretory cells (arrows) was higher in CF mice, compared with non-CF and CF-PTX3 mice. Bacterial macrocolonies were visible by immunofluorescence (J-L) in beads from non-CF, CF, and CF-PTX3 mice. A reduced bacterial load per cell was observed in CF-PTX3 mice, compared with CF and non-CF mice, supporting the morphologic data reported above. Original magnification: 10 × , for panels A-C; 20 × , for panels D-F and J-L; and 40 × for panels G-I. activity, which is correlated with the total number of neutrophils recruited; and increased protein content in BAL fluid, which is a parameter of vascular leakage. Lesions in CF mice, including those involving mucous secretory cells, were more severe than lesions in non-CF mice. Semiquantitative assessment of histologic samples indicated that CF mice had greater quantities of parenchyma involved and inflammation, compared with non-CF mice, but the difference was not statistically significant, probably because of the focal distribution of tissue injury in lung parenchyma.
Interestingly, numbers of bacteria recovered from the murine airways of mice and immunofluorescence-determined localization of P. aeruginosa cells did not differ between CF and non-CF mice, suggesting that chronic infection in mouse lungs is established regardless of the CF genetic background and that the exaggerated inflammatory response may not be directly associated with the infection. Furthermore, when tested in vitro, CF and non-CF murine neutrophils showed similar phagocytic properties. The killing activity against P. aeruginosa was nearly 3-fold higher for non-CF mice than for CF mice, indicating a potential biologic difference, although statistical significance was not reached in this case. Whether CF mice have a defective ability to eliminate bacteria from the airways and whether inflammation during CF is strictly dependent on infection is still a matter of debate. Previous studies in Cftr tm1UNC TgN(FABPCFTR) mice reported Figure 4 . In vitro phagocytosis and killing of Pseudomonas aeruginosa by neutrophils from mice with cystic fibrosis that received placebo (CF mice), mice without cystic fibrosis that received placebo (non-CF mice), and mice with cystic fibrosis that received PTX3 (CF-PTX3 mice). A, In vitro phagocytosis of CFSE-labeled P. aeruginosa RP73 by neutrophils (CD45 high , Ly6G high , CD11b high cells) was analyzed by fluorescence-activated cell sorting and reported as CFSE mean fluorescence intensity (MFI). Whole blood from CF and non-CF mice (n = 4-5) was used. P. aeruginosa RP73 was preincubated with PTX3 (20 μg/mL) or phosphate-buffered saline (PBS). B, In vitro killing of P. aeruginosa RP73 by neutrophils was analyzed. Bone marrow from CF and non-CF mice was used (n = 5-7). P. aeruginosa RP73 was preincubated with PTX3 (20 μg/mL) or PBS. Data were normalized and expressed as colony-forming units (CFU) per 10 6 neutrophils. Dots represent individual measurements, and horizontal lines represent median values. Data are pooled from 2 independent experiments. *P < .05, by the Mann-Whitney U test. Figure 5 . PTX3 localization in sputum specimens from patients with cystic fibrosis (CF). Sputum specimens from 10 CF patients were isolated and characterized for PTX3 localization by indirect immunofluorescence, using a human PTX3 antibody. Texas red-labeled goat anti-rabbit immunoglobulin G was used as secondary antibody; DAPI labeling was used to visualize cell nuclei and extracellular DNA strands. A and B, Localization of PTX3 in cells of the immune system, mainly neutrophils (insets). B, PTX3 entrapped in the actin-DNA filaments (insets). C, PTX3 bound to Pseudomonas aeruginosa macrocolonies (insets). Original magnification: 40 × , for panels A-C; and 100 × , for insets. that early bacterial clearance was just as rapid in CF mice as in wild-type mice, despite a prolonged inflammatory response in CF mice [24] . However, other reports on results obtained with mice with a different genetic background (Cftr tm1G551D ) showed that these mice had an increased susceptibility to P. aeruginosa infection [25] . Our results showed similar bacterial loads in CF and non-CF mice 12 days after challenge with P. aeruginosa.
Treatment of CF mice with recombinant human PTX3 was based on previously performed pharmacokinetic analysis (C. Garlanda, unpublished results) and therapeutic approaches in a murine model of lung aspergillosis [23] and P. aeruginosa infection in C57Bl/6 mice [13] . Early initiation of treatment (ie, on the day of infection) with intraperitoneal administration of PTX3 in Cftr tm1UNC TgN(FABPCFTR) mice significantly decreases the P. aeruginosa load, compared with vehicle. Thus, PTX3-dependent recognition and phagocytosis of pathogens, which was previously demonstrated, is also conserved in the CF environment. Numbers of bacteria recovered from the airways of CF-PTX3 mice were also significantly reduced, compared with numbers in non-CF mice, indicating a clear benefit. PTX3 attenuated the extent of the inflammatory response to chronic endobronchial infection. The concentrations of inflammatory mediators, including IL-1β, IL-17, CCL-2/MCP1, CXCL1/KC, and CXCL2/MIP-2, were decreased in CF-PTX3 mice, compared with CF mice, and differences reached statistical significance for IL-17 and CXCL2/ MIP-2. According to these data, we observed a significantly decreased percentage of recruited neutrophils in association with a significantly increased percentage of monocytes and a significantly increased total protein content in BAL fluid from CF-PTX3 mice, compared with CF mice. In addition, PTX3 treatment of CF mice resulted in significantly better weight gain, compared with vehicle, and a decrease in the percentage of hyperplasic mucous secretory cells to the level observed in non-CF mice. The mechanism by which PTX3 attenuates the infection and inflammatory response in this murine model is not welldefined. Previous studies showed the interplay between PTX3, complement, and FcγR in innate resistance to the fungus Aspergillus fumigatus and to P. aeruginosa [22] . Our in vitro results indicated that preopsonization of P. aeruginosa with recombinant PTX3 significantly increased both phagocytosis and killing by neutrophils in the CF environment, explaining the lower bacterial lung burden detected in CF-PTX3 mice, compared with CF mice. These results suggest that the opsonizing activity of recombinant PTX3 is also preserved in the CF environment. The role of PTX3 in negatively regulating neutrophil recruitment in inflammatory contexts through interaction with P-selectin [10] has not been addressed in this study. However, its contribution to reducing leukocyte recruitment and lung inflammation cannot be excluded.
It was recently proposed that PTX3 is stored in neutrophil granules and rapidly mobilized and secreted on stimulation [26] . PTX3 was also reported to bind fungi and bacterial cells [11] . In this work, we localized PTX3 in sputum from CF patients. Sputum specimens are an accurate indicator of the respiratory tract environment because they contain squamous epithelial cells, a high concentration of bacteria as macrocolonies, and cells of the immune system. In agreement with previous studies, PTX3 was detected in cells of the immune system or was entrapped in the actin-DNA filaments in all patient groups. In addition, PTX3 bound to P. aeruginosa macrocolonies in infected CF patients. Whether endogenous PTX3 exerts a protective role against P. aeruginosa infection in CF patients has not been described. However, previous studies showing increased susceptibility among ptx3-deficient mice to lung infection caused by a laboratory P. aeruginosa strain [11] and genetic evidence that PTX3 gene polymorphisms affect CF-associated P. aeruginosa lung infections [12] suggest that PTX3 is involved in resistance to P. aeruginosa in CF.
It has been reported that the CF environment can reduce or inactivate the activity of natural antimicrobial peptides, such as the β-defensins and the cathelicidin LL-37 [27] . A study of PTX3 in patients with chronic obstructive pulmonary disease showed that, in this condition, the pulmonary interstitial expression of PTX3 is reduced [28] . Whether endogenous PTX3 is susceptible to degradation or inactivation in a CF environment is not known. However, this study suggests a beneficial effect of treatment with exogenous PTX3. Indeed, numerous studies indicated that exogenous peptide administration increases bacterial clearance and host survival following bacterial infection, providing support for the use of this therapeutic strategy. The results presented in this study provide important information with respect to P. aeruginosa chronic infection in CF mice. The evaluation of potential therapies in CF murine models of chronic infection provides the greatest opportunity to optimally translate results obtained in animal models to the clinical care of patients. The encouraging results obtained so far for PTX3 support further development in translational application.
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